ABSTRACT There is phenotypic variation among individual trees of interior Douglas-Þr (Pseudotsuga menziesii variety glauca [Beissn.] Franco) in their resistance to defoliation by the western spruce budworm (Choristoneura occidentalis Freeman). We are evaluating the factors associated with this resistance using grafted clones derived from parent trees that are resistant versus susceptible to budworm defoliation in the Þeld. We tested the potential role of feeding and oviposition behavior in determining the resistance using C. occidentalis larvae and moths from our nondiapausing laboratory colony, and foliage from grafted ramets (6 Ð 8-yr-old potted trees) of resistant and susceptible DouglasÞrs. In the larval feeding bioassay, Þfth instars were offered a choice between branches from susceptible and resistant ramets. There was no difference in the proportion of current-year buds and shoots consumed, indicating that larvae do not discriminate between foliage from susceptible and resistant trees. When offered a choice in cage arenas made of metal screen, female moths laid signiÞcantly more of their egg masses on susceptible foliage (54%), compared with resistant foliage (34%), artiÞcial foliage (6%), or nonfoliage material (6%). Conversely, no oviposition preference was detected when resistant versus susceptible Douglas-Þr twigs were the only substrates available in paper bag arenas. Western spruce budworm feeding and oviposition behavior do not appear to be important factors associated with Douglas-Þr resistance.
WESTERN SPRUCE BUDWORMS (Choristoneura occidentalis
Freeman) cause extensive damage to forests by consuming the current-year needles of species of Abies, Picea, and Pseudotsuga (Hermann 1987) . Phenotypic variation among interior Douglas-Þrs (Pseudotsuga menziesii [Mirb.] Franco variety glauca [Beissn.] Franco) in susceptibility to defoliation suggests that some trees are naturally resistant to the budworm (McDonald 1981; Clancy et al. 1993; Clancy 2001 Clancy , 2002 . We evaluated potential factors associated with this resistance using grafted clones derived from parent trees that are resistant versus susceptible to budworm defoliation in the Þeld. We designed a series of bioassays to assess the potential role of budworm feeding and oviposition behavior in determining host plant resistance. A preference for susceptible genotypes could explain why some trees suffer more damage than others. This might also be explained by antixenosis (nonpreference) for resistant genotypes. Plants that lack attractant stimuli, or possess deterrent stimuli, are less likely to be colonized by insect herbivores Langevin 1995, Mao et al. 2001) .
Phenotypic and genetic differences between putatively resistant and susceptible Douglas-Þr trees may affect larval feeding and oviposition behavior (Chen et al. 2001b , Clancy 2002 . For example, resistant trees tend to break bud later than susceptible trees Chen et al. 2001a Chen et al. , 2003 Clancy 2002) . Delayed bud break phenology can be an important deterrent to early-season feeders such as the budworm that are dependent upon swollen vegetative buds for food and shelter (Carolin 1987) . Differences in the nutritive value of resistant versus susceptible foliage have also been documented. Foliage from resistant trees has lower mineral/N ratios and higher concentrations of sugars than susceptible foliage , Clancy 2001 ) and laboratory experiments using artiÞcial diets have shown that both of these traits can result in reduced budworm performance (Clancy 2002) .
The budwormsÕ feeding preference for currentyear shoots over older foliage is most likely related to the higher nutritional status and lower toughness of the younger needles (Mattson et al. 1991) . Furthermore, budworm larvae suffer higher mortality when reared on older, less nutritious foliage (Blake and Wagner 1986, Dodds et al. 1996) . It is possible that resistant Douglas-Þr genotypes are avoided by feeding larvae because they are nutritionally inferior hosts. Differences in growth rates might also account for variation in the level of budworm defoliation among trees. Resistant trees grow faster than susceptible trees (Chen et al. 2001a , Clancy 2002 ; this trait could be linked to the budwormsÕ preference for stressed plants over more vigorous hosts (Wulf and Cates 1987) . These characteristics, and others not yet identiÞed, may be indirectly related to resistance because of their potential inßuence on feeding and oviposition behavior.
The objectives of this research were to determine whether western spruce budworm larvae or moths exhibit a preference for susceptible (or nonpreference for resistant) genotypes of interior Douglas-Þr. The ability of both C. occidentalis and C. fumiferana (Clemens) to feed and oviposit selectively has been demonstrated in numerous studies (Guertin and Albert 1992; Langevin 1994, 1995; Dodds et al. 1996; Leyva et al. 2000 Leyva et al. , 2003 . However, previous experiments used artiÞcial diets and substrates to measure budworm responses. Those that included natural foliage often compared oviposition responses to different plant species or modules. Leyva et al. (2000) reported C. occidentalis oviposition preferences for white Þr (Abies concolor Gord. & Glend.) over Douglas-Þr and Engelmann spruce (Picea engelmanii Parry), for older versus younger foliage, and for longer versus shorter shoots of Douglas-Þr. However, these preferences could not be linked to budworm larval performance. Chen et al. (2003) reported lower performance in larvae reared on resistant Douglas-Þr genotypes, but their study did not include a preference component. Our research expands prior work by using grafted clones derived from resistant and susceptible Douglas-Þr trees to determine whether budworm larvae and moths exhibit feeding and oviposition preferences for one of the two phenotypes. If they do, this information can then be used to isolate host plant characteristics that might function as attractants or deterrents for budworm moths or larvae.
By using grafted clones in a greenhouse setting, we were able to test feeding and oviposition responses to potted trees with budworm -resistant or -susceptible traits that have not been previously damaged by the insect. Branches collected from the parent trees were whip-grafted onto 1-yr seedling rootstocks to produce the clones used in our experiments. This is a common and widespread technique for reproducing mature tree characteristics in a smaller plant (Hartmann and Kester 1983, Zobel and Talbert 1984) . The cloning resulted in the Þxation of the genotype and tissue developmental stage of the parent trees but not tree environment. Chen et al. (2002) reported that the fractional composition of some monoterpenes was consistent between Douglas-Þr clones and mature trees, providing empirical evidence that the grafted trees retained the foliar characteristics of the parent trees. Furthermore, susceptible clones had earlier budburst phenology compared with resistant clones when they were grown in a common greenhouse environment, demonstrating a genetic basis for parallel phenological differences exhibited by the parent trees that was retained by the grafted clones (Chen et al. 2003) .
Materials and Methods

Western Spruce Budworms
We used C. occidentalis moths and larvae from a nondiapausing laboratory culture maintained at the Rocky Mountain Research Station in Flagstaff, AZ. The insects from this laboratory colony do not differ in performance from wild budworms (Leyva et al. 1995) .
Douglas-fir Trees
We used Douglas-Þr trees (or branches cut from them) grown in the Forest Service greenhouse facility in Flagstaff, AZ. The potted trees are grafted clones derived from mature Douglas-Þr trees growing at budworm-infested sites in Arizona and Colorado . The parent trees are phenotypically susceptible (showing obvious signs of a history of defoliation) or resistant (healthy-looking) to the budworm. Resistant and susceptible trees in the Þeld were paired (within 30 m of one another) based on similarities in age, height, and microsite. Twelve pairs of mature Douglas-Þr trees (12 resistant genotypes and 12 susceptible genotypes) were used to produce 24 grafted clones (with Ն4 individually potted ramets per clone) that have been growing in the greenhouse since 1991 or 1992 (Chen et al. 2001a ).
Experiment 1: Larval Feeding Behavior
We evaluated larval feeding behavior in a choice test using branches cut from the mid-crown of resistant and susceptible Douglas-Þr clones. Two freshly cut twigs (one susceptible and one resistant) were attached to opposite sides of 591-ml (20 oz) paper cups. The branches were Ϸ12 cm long and contained a newly expanded shoot at the brush (sixth) stage, which is the appropriate phenological stage for late instar feeding (Shepherd 1983) . By using foliage in the same development stage, we eliminated budburst phenology as a possible factor inßuencing larval feeding choices. A single Þfth instar female was placed in the bottom of each cup, requiring it to climb one or both twigs to feed on the young shoot. Fifth instars were chosen because of their vigorous appetites. Females were used to eliminate potential sexual differences in feeding requirements and behaviors that might exist in Choristoneura species (Redak and Cates 1984) . The cups were maintained at room temperature (18ЊCÐ 23ЊC) under a photoperiod of 16:8 (L:D) h; they were covered with clear plastic lids to allow observation. The insects were permitted to feed for 48 h before the experiment was terminated. Larval feeding preferences were based on the proportion of current-year foliage consumed (i.e., missing) from each shoot. The twigs were visually inspected; if a shoot was missing more of its needles than the other shoot, we recorded the type of shoot that was eaten the most. If both shoots were completely consumed or untouched by the larvae, we eliminated that pair from the analysis. We tested the null hypothesis that each foliage type was equally used (i.e., P ϭ 0.5) with a one-sample proportion test (i.e., a Z-test) (Analytical Software 2000). We conducted a total of 242 feeding trials using one Þfth-instar female per trial; each larva was used only once.
Experiments 2-4: Oviposition Behavior
We evaluated oviposition behavior in both choice and no-choice arenas under a variety of conditions. Oviposition preferences were based on the relative abundance of egg masses found on each foliage type in the choice experiments. Antixenosis was measured by the average number of egg masses per moth that females laid in the no-choice experiment. Lower rates of oviposition on one type of foliage compared with the other would indicate nonpreference. The proportion of egg masses that were viable (i.e., Ն50% of the eggs in the mass hatched) was used to measure antibiosis (reduced performance). Most egg masses either fully hatch or do not hatch at all (unpublished data), allowing an easy assessment of viability at the 50% mark. We used the same resistant and susceptible Douglas-Þr clones in both the oviposition and the larval feeding experiments. The phenological stage of the trees was not an issue in the oviposition experiments because females typically oviposit on mature needles. Some trials also included artiÞcial foliage (or trees) from synthetic Christmas trees that resembled Douglas-Þr. In the no-choice experiments, only one oviposition substrate was provided (resistant or susceptible foliage).
Experiment 2: Caged Choice Bioassay. Circular cages measuring 25 cm in diameter and 30 cm high were constructed of metal screening and stored at room temperature under a photoperiod of 16:8 (L:D) h. Each cage contained three oviposition substrates, consisting of branches from susceptible, resistant, and artiÞcial trees. The branches were attached to the cage walls so that they were not touching one another. Arrangement of the three substrates was randomized among the cages. Two male pupae and one female pupa were placed on the bottom of each cage. After the female moth emerged, the adults were allowed 10 d to mate and oviposit. We recorded the total number of egg masses oviposited on each substrate. We tested the null hypothesis that equal proportions of egg masses were laid on susceptible versus resistant foliage using a Z-test. We conducted a total of 20 oviposition trials (10 cages ϫ two replicates) using 20 female moths (one per cage).
Experiment 3: Paper Bag Choice Bioassay. Branches clipped from resistant and susceptible Douglas-Þr clones were fastened to opposite sides of brown paper mating bags (Ϸ30 ϫ 22 ϫ 35 cm). ArtiÞcial foliage was not included in the paper bag experiments because of lack of space and because the moths laid very few egg masses on the surrogate twigs in the previous cage experiment. The bags were stored inside incubators to maintain a constant environment of 22ЊC, 70% RH, and a photoperiod of 16:8 (L:D) h. Two male pupae and one female pupa were placed on the bottom of each bag. After female emergence, the moths were allowed 10 d to mate and oviposit. Egg masses were then collected from the two substrates and counted. The null hypothesis that equal proportions of egg masses were laid on susceptible versus resistant foliage was tested using a Z-test. We conducted a total of 40 oviposition choice trials using 40 female moths (one per bag).
Experiment 4: Paper Bag No-Choice Bioassay. Two male pupae and one female pupa were placed in bags with only one oviposition substrate. In this experiment, needles containing egg masses were collected each day to compare the level of egg retention when females had only resistant foliage, only susceptible foliage, or no foliage to lay their egg masses on. The needles with egg masses were stored at room temperature in separate vials for a 10-d incubation period to determine if the eggs were viable (i.e., if Ն50% of the eggs in the mass hatched). Egg mass length was measured to estimate the number of eggs in each mass (Clancy 1991) and thus determine whether females retained eggs rather than oviposit on resistant foliage. The female pupae came from the same laboratory colony and were comparable in size (unpublished data), making it reasonable to assume that they also had about the same number of oocyctes when they emerged as moths and thus would be likely to lay similar numbers of egg masses. The number of egg masses is a reasonable index of the number of eggs laid (Leyva et al. 2003) , indicating that females who lay more egg masses retain fewer eggs. Needles bearing egg masses were also measured to evaluate potential differences in the lengths of the resistant and susceptible Douglas-Þr needles selected for oviposition. Needle lengths were compared using independent t-tests. We conducted a total of 60 no-choice oviposition trials using 60 female moths (one per bag).
Results and Discussion
Experiment 1: Larval Feeding Behavior
C. occidentalis larvae fed equally on foliage from either resistant or susceptible Douglas-Þr clones (corrected Z ϭ 0.46, P ϭ 0.644, n ϭ 230 trials, using one female Þfth instar per trial). More foliage was consumed from susceptible trees in 52% (119) of the trials, whereas larvae ate more foliage from resistant trees in 48% (111) of the cases. Twelve trials were eliminated from the data analysis because the larvae did not feed or because they consumed both shoots entirely and we could not determine if one was favored over the other. There was no evidence of a larval feeding preference for foliage from phenotypically susceptible versus resistant Douglas-Þr trees, as used in this experiment. Therefore, we cannot reject the null hypothesis. Instead, our research supports the conclusions of others Chen et al. 2001a Chen et al. , 2003 Clancy 2002 ) that budburst phenology is most likely to determine where budworm larvae will feed.
The western spruce budwormÕs life history and population dynamics suggest that budworm larvae should be able to use a broad range of foliage qualities (Dodds et al. 1996) . Thus, it is not surprising that the larval feeding bioassay produced no evidence of a preference for susceptible Douglas-Þr genotypes. However, feeding preferences may have been detected if intact branches were used rather than clipped shoots. Physiological changes occur when foliage is cut that can inßuence insect feeding and this may have affected the results. For example, carbohydrates and proteins are likely to diminish quickly in the leaves of excised branches thereby compromising the quality of both choices and making a preference more difÞcult to detect (Meng and Arp 1993) .
We deliberately simpliÞed the budworm-DouglasÞr system by testing the feeding behavior of Þfth-instar females because of their vigorous appetites and handling ease; however, second instars of both sexes establish feeding sites when they emerge from winter diapause. As the season progresses, mature larvae feed on the expanding shoots, which become less nutritious over time (Clancy et al. 1988 ). Seasonal differences in foliar biochemistry are likely to impact survival of early instars (second to fourth) more than late instars (Þfth to sixth), suggesting there may be differences in feeding preferences among larvae of different ages. It may be more appropriate to test the feeding behavior of second or third instars rather than later instars to determine whether budworms prefer foliage from susceptible Douglas-Þrs. Logistically, this can be very difÞcult because of their concealed feeding behavior and their small size and fragility. Nonetheless, a more accurate test of larval feeding preferences might be achieved by using diapausing second instars in hibernaculae that can emerge and select their feeding sites on foliage. This would minimize the need for handling the early instars and provide a bioassay that more closely mimics what happens under natural conditions.
Selection of feeding sites by second instars in early spring is largely dependent upon budbreak phenology (Shepherd 1983 , Hermann 1987 , and differences in budbreak phenology are known to be an important component of the resistance observed in the Þeld Chen et al. 2001a Chen et al. , 2003 Clancy 2002) . However, in this experiment, larvae were provided with foliage from resistant and susceptible clones that were at the same developmental stage. Our objective was to determine whether larvae exhibit feeding preferences independent of budbreak phenology. Results from this experiment failed to support an important role for feeding choices made by late instar budworms in determining resistance, at least when the foliage of resistant and susceptible DouglasÞrs is at the same phenological stage.
Experiments 2-4: Laboratory Oviposition Behavior
Experiment 2: Caged Choice Bioassay. In the cage experiment conducted indoors, C. occidentalis moths laid more egg masses on branches from susceptible Douglas-Þrs than on branches from resistant trees (corrected Z ϭ 2.28, P ϭ 0.023, n ϭ 111 egg masses laid on susceptible or resistant foliage). Twenty females laid 54% (68) of their egg masses on susceptible foliage, 34% (43) on resistant foliage, 6% (8) on artiÞcial foliage, and 6% (8) on nonfoliage material (cages and plastic labels).
The cages were constructed of metal screening that allowed some air ßow. This may have permitted the moths to use cues from volatile chemicals, such as terpenes, to distinguish between the two genotypes.
Experiment 3: Paper Bag Choice Bioassay. No oviposition preference was found in this experiment. When offered a choice between susceptible and resistant branches, 40 gravid moths laid nearly equal proportions (48% on susceptible versus 43% on resistant) of their 358 egg masses on both substrates (corrected Z ϭ 0.83, P ϭ 0.405, n ϭ 324 egg masses laid on susceptible or resistant branches). The remaining 34 egg masses (9%) were found on nonfoliage material (the bags).
The paper bags were closed (folded and clipped) to prevent escape of the insects. In this environment, the air may have been saturated with volatiles emitted from both substrates making it difÞcult for the females to differentiate between resistant and susceptible genotypes.
The small size of the experimental arenas denied moths the opportunity to ßy when choosing an oviposition site. Our attempts to conduct larger scale experiments under more natural conditions produced ambiguous results as a result of logistical problems (Palermo 2002) . During outdoor Þeld trials, our observations indicated that females were reluctant to ßy. When we placed female pupae on one of three potted trees (resistant, susceptible, or artiÞcial) inside a screen arbor (2 ϫ 3 ϫ 4 m) the moths laid the majority of their eggs on the trees where they emerged and mated. When females did relocate, they crawled from one tree to another.
Experiment 4: Paper Bag No-choice Bioassay. Egg Retention. Twenty female moths laid an average of 8.9 Ϯ 1.05 (mean Ϯ 1 SE) egg masses each in bags with susceptible foliage and 8.4 Ϯ 0.72 each in bags with resistant foliage; this result suggests that both types of foliage were suitable oviposition substrates (t 38 ϭ 0.379, P ϭ 0.707, n ϭ 40 moths who laid a total of 346 egg masses when provided with susceptible or resistant foliage). However, 20 females laid an average of just 3.8 Ϯ 0.86 egg masses each in the control bags where foliage was not provided. Thus, females are able to retain eggs.
The high rate of egg retention observed in the control bags versus bags with foliage emphasizes the importance of oviposition stimuli to gravid budworms. This result supports prior work by Stadler (1974) , who reported a preference for needle-shaped substrates over ßat substrates treated with host extracts. The empty control bags lacked adequate ovipositional cues and thus the females retained most of their eggs. In similar no-choice experiments, Levya et al. (2003) reported that budworm moths retained a higher percentage of eggs when they had branches from only one host (Douglas-Þr, white Þr, Engelmann spruce) or nonhost (limber pine [Pinus flexilis James]) to oviposit on, compared with when they had branches from all four tree species for oviposition substrate. Leyva et al. (2003) concluded that budworm moths were induced to lay more of their eggs when they had a variety of host species available for oviposition. Host plant cues are obviously important factors inßuencing budworm oviposition behavior. Price et al. (1990) suggested that oligophagous insect herbivores having eruptive population dynamics (e.g., C. occidentalis) are unlikely to have a tight linkage between female oviposition preference and larval performance. Results from two of our three oviposition experiments support this prediction for the western spruce budworm; we conclude that it is unlikely that moths select host foliage based on intraspeciÞc differences among individual host trees. Our research does, however, emphasize the importance of stimuli from host plants for gravid moths to initiate and continue to oviposit, as evidenced by the high rate of egg retention inside the empty bags.
Daily Oviposition Behavior. Despite the lower total number of egg masses laid in the control bags, daily oviposition behavior was consistent among the three treatments (Fig. 1) . Peak activity occurred between 2 and 5 d after mating and egg-laying ceased within 10 d.
Egg Mass Size. Egg mass width was restricted to the breadth of Douglas-Þr needles (1Ð2 mm), whereas egg mass length varied considerably (1Ð19 mm). The average length of egg masses laid on susceptible (6.2 Ϯ 0.29 mm [mean Ϯ 1 SE]) versus resistant (6.4 Ϯ 0.30 mm) foliage did not differ (t 276 ϭ 0.492, P ϭ 0.623, n ϭ 278). It is reasonable to assume that the egg complement (number of eggs per mass) did not vary as well (Campbell et al. 1984 , Clancy 1991 . A reduction in egg mass size can reßect an ovipositional nonpreference by Choristoneura species (Grant and Langevin 1995) . The clutch size of C. pinus (Freeman) increases in response to attractant stimuli and decreases in response to deterrent stimuli. However, deterrent chemical extracts do not appear to affect the egg complement in C. fumiferana or C. occidentalis, even when one substrate is preferred over another (Renwick and Radke 1982, Grant and Langevin 1995) . In this experiment, egg mass size produced no evidence of either an oviposition preference or nonpreference for foliage from susceptible or resistant Douglas-Þrs. Egg mass size is strongly related to the number of eggs in the mass (r ϭ 0.863); this result indicates that females laid clutches of similar size on resistant and susceptible branches (Clancy 1991) .
Egg Mass Viability. Female moths that did not produce any viable egg masses were excluded from the analysis because we assumed that they had not mated, and this avoided counting unfertilized eggs as nonviable eggs. In the no-choice experiment, 29 mated females laid a total of 211 egg masses on resistant or susceptible foliage; 76% (161) of these were viable. Equivalent proportions of viable egg masses were laid on resistant (82%) versus susceptible branches (73%; Z ϭ 1.547, P ϭ 0.122, n ϭ 211). Thus, resistant foliage does not adversely affect egg survival, providing no evidence of antibiosis in the egg stage.
Needle Length. Female moths selected needles with the same average length from both susceptible (2.13 cm) and resistant (2.21 cm) Douglas-Þr clones for oviposition (t 280 ϭ Ϫ1.140, P ϭ 0.255, n ϭ 282 needles with egg masses).
Needle length has been identiÞed as a potential ovipositional cue in past studies. Grant and Langevin (1994) reported oviposition preferences by female budworms for longer versus shorter needles on artiÞcial twigs. Preferences for white Þr over Douglas-Þr reported by Grant and Langevin (1994) and Leyva et al. (2000) are thought to be associated with the signiÞcantly longer needles of white Þr. Our comparison of needle lengths indicated no difference between resistant and susceptible Douglas-Þrs. However, our results only reßect the lengths of needles that were chosen for oviposition (i.e., bearing egg masses). It is possible that differences exist between resistant and susceptible trees in the lengths of all available needles but not those that were selected for oviposition; prior research suggests that this is not the case (Burr and Clancy 1993) . tance in maintaining the Douglas-Þr clones and the western spruce budworm culture, respectively. Our nondiapausing western spruce budworm colony was started with egg masses obtained from the Canadian Forest Service, Forest Pest Management Institute, Sault St. Marie, Ontario. This research was supported by research joint venture agreement No. 00-JV-11221605-178 between the RMRS (K.M.C.) and NAU (G.W.K.). This paper is part of a thesis submitted in partial fulÞllment of the M.S. degree requirements at NAU by B.L.P.
